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a b s t r a c t

A new D-A (Donor-Accept) type N-(1,2,4-triazolyl)-N0-(2-ethylhexyl) naphthalenediimide (L) was
synthesized. AgL2PF6 (1) and AgL2NO3 (2) were obtained through the reactions of L with AgPF6 and
AgNO3, respectively. All the compounds were fully characterized. Optical, electrochemical properties and
electrogenerated chemiluminescence (ECL) were systematically investigated. Those dual fluorescent
emissions for L, short wavelength (SW) and long wavelength (LW) emission bands, are rationally
explained by the planar intramolecular charge transfer (PICT) model. All the compounds display anod-
ically shift reduction waves with positive reduction potential, compared to its parent compound,
Naphthalene bisimide (NBI). It is very interesting that the ECL intensity of the complexes is successfully
increased, which is 20 times larger than that of L, explaining that the radical anions of the complexes are
stabilized by coordinating L with Ag(I) ion. The results provide a new approach to study ECL materials.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Electrochemiluminescence (also called electrogenerated chem-
iluminescence and abbreviated ECL) involves the generation of
species at electrode surfaces that then undergo electron-transfer
reactions to form excited states that emit light [1]. It has been paid
considerable attention over the past several decades due to the
inherent essences such as low background signal, simple optical
setup, versatility, high sensitivity, and selectivity [2]. The ECL effi-
ciency of luminophores is one of the most important criteria for
evaluating the performance of light-emitting materials [3e5]. Most
ECL studies for D-A compounds have been developed to tune their
photophysical properties through intramolecular charge transfer
[6,7] or only to characterize the ECL properties of them [8].
However, in recent years, metal-ligand complexes have played
significant important roles in luminescence spectroscopy because
of their wide range of absorption and emission wavelengths [9].
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Naphthalene bisimide (NBI) derivatives with promising opto-
electronic properties have attracted much attention for their
potential applications in many areas, such as molecular sensors
[10], light harvesting pigments [11], organic semiconductors
[12,13], photomolecular switches [14]. Of particular interesting is
that as the best n-type molecular semiconductors. This new
material reported by Yan et al is a donor-acceptor co-polymer [15],
which is highly soluble in common organic solvents and provides
the necessary stabilization of the LUMO level. Naphthalene bisi-
mide and its derivatives have also been studied extensively by
Wasielewski et al. [16] and other groups [17e21], as an electron
acceptor in molecular arrays for photoinduced electron transfer
owing to its low reduction potential, its high-lying excited-state
and the intense and well-defined spectroscopic signature of the
radical anion [22e24]. However, it has been rarely reported up to
now that the metal-organic compound or coordination complex
based on Naphthalene bisimide has been studied for ECL materials,
according to our knowledge, which canmerge the merits of organic
and inorganic units.

Spurred by those we designed a new D-A type ligand combining
Naphthalene bisimide with triazole: N-(2-ethylhexyl) N-(1,2,4-tri-
azophos) naphthalenediimide (L). L with the long alkyl chains is
highly soluble in common organic solvents, and triazole unit can
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coordinate to metal ions to form metal-organic compounds. At
present work, two complexes were obtained by reaction of L ligand
with Ag-(I) salts. Further more, the electrochemical properties of
the L, 1 and 2 were systemically investigated. And it is very inter-
esting that the ECL intensities of the complexes are successfully
strengthened by coordinating L with Ag-(I) ion, which is 20 times
larger than that of L.
2. Experiments

2.1. Materials and apparatus

All chemicals and solvents were dried and purified by usual
methods. Elemental analysis was performed with a Perkin-Elmer
240B analyzer. IR spectra (4000e400 cm�1), as KBr pellets, were
recorded on a Nicolet FT-IR 870 SX spectrophotometer. Mass
spectra were obtained on a Micromass GCT-MS Spectrometer, and
ESI-MS spectra were obtain on a Finnigan LCQ Spectrometer. 1H
NMR and 13C NMR spectra were recorded on a Bruker AV400
spectrometer with TMS as internal standard.
2.2. Optical measurements

UV spectra were recorded on a SHIMADZU UV-3600 spectro-
photometer. The fluorescence spectra measurement was per-
formed with use of a HITACHI F-2500 Spectro-fluorophotome. The
concentration of sample solution was 1.0�10�5 mol L�1. The fluo-
rescence lifetime was recorded on a Pico Quant floutime 200.
2.3. Electrochemistry

Electrochemistrywas performedwith anMPI-A Electrochemical
workstation (Xi An, China). All experiments employed a standard
three-electrode cell; the reference electrode was a Ag/AgCl elec-
trode, the auxiliary electrode a platinum wire, and the working
electrode a platinum carbon (Pt-C) with a diameter of 1 mm (CV in
DMF) (ECL experiments in DMF). The supporting electrolyte was
0.1 M tetrabutylammonium perchlorate (TBAP), in DMF.
2.4. Synthesis

2.4.1. Synthesis of N-(2-ethylhexyl) naphthalene monoimide
monoanhydride (L0)

Naphthalene dianhydride (2.00 g, 7.46 mmol) was added into
a three-necked flask with 20 ml of freshly distilled DMF. The slurry
was heated to about 140 �C under N2 atmosphere, and a little zinc
acetate was added into. To this solution, 2-ethylhexylamine (0.97 g,
7.46 mmol) was added drop wise for about 10 min and the reaction
mixture was refluxed overnight, under N2 atmosphere. The reac-
tion mixture was cooled, the precipitation appeared was filtered
off. DMF was evaporated under low pressure and the insoluble
residue was removed by washing with dichloromethane. The
dichloromethane solution was evaporated and the crude product
was obtained and purified by flash column chromatography (silica,
8:1 petroleum ether: ethyl acetate) to obtain of the desired product
L0 as a pale yellow-orange solid. Yield 25%. IR (KBr, cm�1): 3084,
2955, 2928, 2860, 1795, 1759, 1705, 1669, 1582, 1450, 1333, 1285,
1238, 1028, 764, 708; 1H NMR (400 MHz, CDCl3) ppm d¼ 8.840 (s,
4H), 4.143e4.207 (m, 2H), 1.917e1.993 (m, 1H), 1.277e1.403 (m,
8H), 0.944e0.981 (t, 3H, J¼ 7.4 Hz), 0.886e0.922 (t, 3H, J¼ 7.2 Hz);
MS (EI): m/z, 379.14.
2.4.2. Synthesis of N-(1,2,4-triazo)-N0-(2-ethylhexyl)
naphthalenediimide (L)

Compound L0 (2.83 g, 7.46 mmol) and 4-amino-1,2,4-triazo
(1.88 g, 22.39 mmol) were dissolved in a three-necked flask with
20 ml of DMF and refluxed overnight under nitrogen. Subsequently,
DMF was evaporated under reduced pressure and the residue was
purified by flash column chromatography (silica, 1:1 petroleum
ether: ethyl acetate) to get deep-yellow solid of L. Yield 70%. IR (KBr,
cm�1): 3126, 3076, 2960, 2930, 2859, 1737, 1703, 1660, 1581, 1450,
1339, 1244, 1180, 874, 764, 727; 1H NMR (400 MHz, CDCl3):
d¼ 8.867e8.917 (d, 4 H, J¼ 7.6 Hz), 8.415 (s, 2 H), 4.169e4.208 (m, 2
H), 1.903e2.051 (m, 1 H), 1.331e1.452 (m, 8 H), 0.955e0.992 (t, 3 H,
J¼ 7.4 Hz), 0.892e0.927 (t, 3 H, J¼ 7.0 Hz) ppm. 13C NMR (100 MHz,
CDCl3): d¼ 163.32, 160.99, 143.54, 131.93, 131.09, 127.89, 126.07,
44.306, 37.685, 30.559, 28.542, 24.007, 22.883, 14.375, 10.881 ppm.
MS (EI): m/z, 445.18.

2.4.3. Synthesis of AgL2PF6
L (0.089 g, 0.2 mmol) was dissolved in dry methanol solution in

flask (50 ml), and silver (I) hexafluorophosphate (AgPF6, 0.0250 g,
0.1 mmol) methanol solution was slowly dropped into it. The
reaction mixture was refluxed 1 h, cooled and the precipitated
complexes were filtered off. The product was transferred immedi-
ately to a vacuum desiccator, and dried, 0.015 g product was
obtained. IR (KBr, cm�1): 3142, 2959, 2929, 2859, 1742, 1712, 1669,
1452, 1339, 1245, 1184, 844, 763, 682, 672, 654; Anal. Calcd. for
C48H46AgF6N10O8P: C, 50.42; H, 4.03; N, 12.26; Found C, 50.21; H,
4.01; N, 12.21; MS-ESI: m/z, 997.28. 1H NMR (400 MHz, CDCl3):
d¼ 8.888 (s, 2 H), 8.752e8.815 (d, 4 H, J¼ 7.6 Hz), 4.007e4.056 (m,
2 H), 1.871e1.901 (m, 1 H), 1.268e1.334 (m, 8 H), 0.878e0.915 (t, 3
H, J¼ 7.2 Hz), 0.832e0.865 (t, 3 H, J¼ 6.8 Hz) ppm. 13C NMR
(100 MHz, [d6]-DMSO): d¼ 163.33, 160.97, 143.94, 131.97, 131.09,
127.97, 126.00, 44.307, 37.676, 30.547, 28.541, 23.999, 22.884,
14.388, 10.886 ppm.

2.4.4. Synthesis of AgL2NO3

L (0.089 g, 0.2 mmol) was dissolved in dry methanol solution in
flask (50 ml), and silver(I) nitrate (AgNO3, 0.0170 g, 0.1 mmol)
acetonitrile solution was slowly dropped into it. The reaction
mixture was refluxed 1 h, cooled and the precipitated complexes
were filtered off. The product was transferred immediately to
a vacuum desiccator and dried, 0.01 g product was obtained. IR
(KBr, cm�1): 3126, 2960, 2930, 2860, 1741, 1706, 1665, 1583, 1383,
1338, 1244, 1183, 762; Anal. Calcd. for C48H46AgN11O11: C, 54.35; H,
4.37; N, 14.52; Found C, 54.13; H, 4.35; N, 14.46; MS-ESI: m/z,
997.25. 1H NMR (400 MHz, CDCl3): d¼ 9.006 (s, 2 H), 8.754e8.823
(d, 4 H, J¼ 7.6 Hz), 4.005e4.053 (m, 2 H), 1.872e1.901 (m, 1 H),
1.269e1.411 (m, 8 H), 0.878e0.915 (t, 3 H, J¼ 7.2 Hz), 0.832e0.865
(t, 3 H, J¼ 6.8 Hz) ppm. 13C NMR (100 MHz, [d6]-DMSO): d¼ 163.31,
160.92,144.45,132.03,131.10,128.02,125.93, 44.313, 37.681, 30.552,
28.543, 23.999, 22.891, 14.391, 10.882 ppm.

3. Result and discussion

3.1. Preparation of the ligand and its silver complexes

The synthesis of the ligand was illustrated in Scheme 1. The
starting material, a precursor of 4-amino-1,2,4-triazole, was
prepared in a similar way to the literature method [25] and L0,
a precursor of N-(2-ethylhexyl) naphthalene monoimide mono-
anhydride, was prepared by an amidation reaction of 2-ethylhexyl
in DMF at 140 �C and purified either using recrystallization or
column chromatography. The concentration of naphthalene dia-
nhydride to contrast to 2-ethylhexylamine should be less than 1,
otherwise the yield of the product will be decreased. We found that



Fig. 1. DFT computed frontier orbitals of L0 obtained at the B3LYP level.

Scheme 1. Synthesis of the ligand.
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catalyst, solvent and temperature were also very important to the
yield of L0, and the results were illustrated in Table 1. The structure
of ligand Lwas confirmed by IR, 1H NMR, and 13C NMR spectra. The
infrared spectrum shows that neC]Ne band at 1339 and 1308 cm�1

for the triazole group.
The compositions of the complexes of AgL2PF6 and AgL2NO3-

were confirmed by IR, 1H NMR, and 13C NMR spectra. ESI-Mass
spectrometry and elemental analyses were used to further verify
the composition of the complexes. The infrared spectra exhibit the
characteristic peak of hexafluorophosphate at 884 cm�1, and the
peak of triazole group red shifted to 1383e1339 cm�1. Only the
chemical shifts of deN]CHe in the spectra of 1 and 2 changed
apparently to the lower field in contrast to the 1H NMR spectra of L,
due to N atom of the triazole group coordinating to and Ag
(d¼ 8.888, 9.006 ppm, respectively). The 13C NMR spectra of the
complexes (1 and 2) show the same trend. The ESI-MS spectra of
the complex cations are shown in supporting information Figs. 1
and 2. The measured values (Mþ¼ 997.28, 997.25) agreed well
with the calculated ones. Only one strong peak in the figure indi-
cated that the complex cations are very stable in solution. The
composition of the complexes has been confirmed from the results
above.

3.2. Luminescence properties

3.2.1. Computational studies
TDDFT computational studies were perform to elucidate the

electronic structures of the ground state of L. For this purpose, the
model compound L0 was used instead of L, inwhich the 2-ethylhexyl
group is replaced byamethyl group. Optimizationswere carried out
with B3LYP [6-31G(d)] without any symmetry restraints, and the
TDDFT {B3LYP [6-31G(d)]} calculations were performed on the
optimized structure [26]. All calculations, including optimizations
and TDDFT, were performed with the G03 software [27]. The opti-
mized structure shows that the NBI (1,4,5,8-naphthalenete-
tracarboxylic acid bisimide) unit(A) is perpendicular to triazole unit
(D) with a dihedral angle of 90�. The spatial plots of selected TDDFT
frontier molecular orbitals of L0 are shown in Fig. 1 [28].

3.2.2. Single-photon exited fluorescence (SPEF)
The luminescence spectra of the ligand L in different solvents

with concentration of C¼ 1.0�10�6 mol L�1 were shown in Fig. 2
(1 and 2 in different organic solvents were shown in supporting
information, Figs. 3 and 4), and Table 2.

As shown in Fig. 4 and Table 2, it is clear that the emission peaks
show no shift with increasing the solvent polarity. This is due to the
Table 1
The influence of catalyst and temperature to the yield of L0.

Method Catalyst Solvent Temperature (�C) L0 (yield)

a Non Imidazole 100 0%
b Non HOAc 120 0%
c Zn(OAc)2 n-butyl alcohol 120 10%
d Zn(OAc)2 DMF 140 25%
excited state’s activity, so charge redistribution can not take place
between the core and the peripheral groups in a very short period
of time. On the basis of the above results, we can ignore the solvent
effect on the fluorescence spectra for L. Of particular interest, L
displays resolved short wavelength (SW) and longwavelength (LW)
emission bands at about 440 nm and 550 nm in CH3CN, respec-
tively. The ligand L typically displays only the LW band in benzene,
which occurs only a charge-separated twisted ICT (TICT) state
based on the dihedral angle between NBI(electron withdrawing
group, A) and trizole (electron-donating group, D) group. To illus-
trate this phenomenon of double fluorescence emission for L in
acetonitrile, we introduce the model of planar intramolecular
charge transfer (PICT) state (Figs. 3 and 4) [29e32].

As shown in Fig. 4, the energy level diagram indicates that
excitation state can be formed directly from the Franck-Condon (FC)
state through a conical intersection, corresponding to a nonadia-
batic and nearly barrierless reaction route [33e35]. Because of
steric hindrance a planar internal charge transfer excited state was
prevented in the system, but the D-A twist through the torsion of
N-N bond in the FC ground states, as a result of the solvation in
acetonitrile. The more planar the molecular structure, the stronger
the coupling becomes. While electronic excitation generally pla-
narizes the system and thus increases the charge-delocalization
(mesomeric) interactions [29], which undergo torsional motion
about D-A bond and this is assigned to LW emission. To further
prove the interpretation, the fluorescence lifetime of the ligand L
(at about 440 nm and 550 nm) in acetonitrile has been measured,
and those lifetime were 2.52 and 2.54 ns respectively. The results
showed that it is reasonable to assume those have the same singlet-
state lifetime and also showed the rationality of this model to
explain those double fluorescence.

3.2.3. Electrochemistry and Electrochemiluminescence (ECL)
The CV of L in DMF solution is shown in Fig. 5 and related data in

Table 3. The L, at scan rates (v) about 0.1 V/s, shows chemically
Fig. 2. SPEF spectra of L in different solvents with 1�10�6 mol L�1.



Fig. 4. Modified energy level diagram depicting the Franck-Condon state (FC) under-
going vibrational relaxation to SWor LWemission. a Structures representing the FC state
and the SW state show similar structurewhereas the LW state indicates the excited state
with extended conjugation (ESEC). (a: As pointed out in Ref. [45], certain components of
the SW emission originate from the partial repopulation of SW by the LW excited state.
According to the diagram from Wintgens et al., an arrow between these two states is
depicted which indicates that these two states are kinetically connected.)

Fig. 3. Schematic drawing of geometries and electronic character for the PICT and TICT
states of electron donor (D)-acceptor (A) conjugated systems.

Fig. 5. Cyclic Votammogram (0.1 V/s) of L (1�10�5 mol L�1) in DMF with 0.1 M
Bu4NClO4.

Table 3
Electrochemical Data of L, 1 and 2 recorded in DMF containing 0.1 M of Bu4NClO4 as
supporting electrolyte and referenced versus a saturated calomel electrode (SCE).

E Red (V) EOx(V)

NBI�/NBI2� NBI/NBI� NBI/NBIþ

L �0.66 �0.31 1.66
1 �0.62 �0.54 0.43
2 �0.66 �0.64 0.41
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almost reversible waves for the stepwise reduction [two one-
electron (1e) transfers] and one 1e oxidation.

The CV of L revealed one reversible 1e reduction peak at�0.31 V
vs SCE with a second irreversible reduction peak at �0.75 V. The
result, compared with that of its parent unit, NBI, reflects strong
Table 2
The photophysical data of L, 1 and 2 in different solvents.

Molecules Solvent 3� 10�4 labsmax lmax
SPEF F

L Hexane a, 1.5, 1.6 a, 364, 382 a a
Benzene 1.3, 1.8, 2.0 341, 360, 380 457 0.12
Dichloromethane 1.6, 2.4, 2.7 339, 358, 378 a 0.54, 0.07
Ethanol 0.4, 0.6, 0.7 334, 354, 374 444, 592 0.04, 0.07
Acetonitrile 1.5, 2.3, 2.4 336, 355, 375 453, 502 0.13, a
DMF 1.3, 1.8, 1.9 340, 358, 378 529 a

1 Hexane 0.2, 0.3, 0.3 335, 355, 375 a a
Benzene 2.4, 3.4, 3.7 342, 361, 381 447 0.04
Dichloromethane 2.9, 4.5, 5.4 342, 359, 379 a a
Ethanol 1.5, 2.4, 2.7 338, 357, 376 472, 605 0.01, 0.01
Acetonitrile 2.8, 4.5, 5.3 340, 356, 376 446, 540 0.02, 0.02
DMF 2.5, 3.9, 4.5 341, 359, 379 430 0.04

2 Hexane 0.3, 0.4, 0.4 335, 355, 375 a a
Benzene 1.6, 2.4, 2.6 343, 361, 380 468 0.05
Dichloromethane 2.2, 3.4, 4.1 342, 359, 380 a a
Ethanol 1.6, 2.4, 2.7 340, 356, 376 459, 615 0.10, 0.02
Acetonitrile 2.1, 3.4, 4.0 339, 356, 376 442, 540 0.05, 0.01
DMF 2.0, 3.0, 3.5 341, 359, 379 441 0.05

3max: The corresponding molar absorption coefficient, labsmax: lmax of the UV absorp-
tion spectra in nm, lSPEFmax : lmax of the SPEF spectra in nm. a not tested.
electron-accepting nature of the carboximide subsitituent in L, and
displays anodically shift reduction waves with positive reduction
potential. In contrast, the triazole unit in the molecule enhances
electronic p-conjugation and induces a stabilization of LUMO
frontier molecular orbital, thus rendering the molecule more
reducible than the unsubstituted naphthalene bisimide. In ligand L,
the high lying HOMO along with the stabilized LUMO explains the
appearance of a low energy transition observed in the visible
absorption spectrum. With such a low reduction potential, this
molecule will certainly be useful as a final electron acceptor in
molecular arrays for long-range electron transfer or for the devel-
opment of materials exhibiting n-type conducting behavior [22,36].

The proposed reduction mechanism for the diimide systems is
shown in Scheme 2 [37], where the 1e transfer processes lead to the
formation of a radical anion and then the dianion. It is reasonable to
assume that the major portion of electron density resides on the
carbonyl oxygen due to the electron-withdrawing nature of the
oxygen atom as indicated in possible resonance forms in Scheme 2.

In order to check the influence of the coordinated silver (_) on
the reduction potential, the CV of the complexes were recorded in
the same condition in Table 3. (The CV curves Figs. 5 and 6 are given
in the Supporting Information). The negative shifts are observed for
the two reduction peaks in the CV curve of the complexes. The
electronic density of the core decreases, due to the electron-with-
drawing silver (I) coordinated to the N atom of the triazole group,
Scheme 2. Proposed two-step reduction mechanism for the L.



Fig. 6. Electrochemiluminescence of L (1�10�5 mol L�1) in DMF with 0.1 M Bu4NClO4

under continuous cyclic voltammetry with the scan rate of 0.1 V/s.
Fig. 8. ECL emission spectra obtained from in DMF solution containing the L 0.1 M at
the scan rate of 0.1 V/s. In order to compare with the CV curve, the ECL intensity of L
was subtracted 15.

Scheme 3. Proposed ECL emission for the L, 1 and 2.
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which made the reduction waves shift to more negative regions
through the electron delocalization in the p-conjugation system.
The silver’s electron-withdrawing function can be further illus-
trated by the oxidation wave for the two complexes with signifi-
cantly negative shifts.

For further studying the influence of the silver (I) on electro-
chemical behavior, a series of ECL emission tests were performed in
DMF solution containing L or the complexes 1 mM, and the ECL
intensity were shown in Figs. 6 and 7, respectively (Electro-
chemiluminescence of 2 is given in the Supporting Information
Fig. 6).

Of particularly interest, we found that the ECL intensity of the
complexes exhibit about 20 times larger than that of L, shown in
Figs. 6 and 7. There was almost no detectable changing for ECL
intensities, indicating the stability of the ECL emission of the
complexes. According to the Fig. 8 [38], we proposed the mecha-
nism of the three compounds ECL emission in following Scheme 3.
That is, to be energy-sufficient to produce singlet state electro-
chemiluminescence, an oxidation reaction by a species (R) and the
first perylene reduction wave is required, so that the following can
occur subsequent annihilation reaction between these two ions
generates excited states that lead to emission (eqs. 3 and 4).

The reason for the much higher ECL intensity of the complexes,
is the good stability of the complexes radical anion (R�). When the
Pt electrode is pulsed to generate the radical cation and anions
stepwisely, the stability of R� will greatly enhanced the ECL
Fig. 7. Electrochemiluminescence of 1 (1�10�5 mol L�1) in DMF with 0.1 M Bu4NClO4

under continuous cyclic voltammetry with the scan rate of 0.1 V/s.
intensity. Interestingly, the photoluminescence intensity of the
complexes is much lower than that of L in solution, and those
emission bands are almost not changed. But the ECL emission
intensities of the complexes were enhanced compared with those
of L. This may be attributed to the different mechanisms between
the photoluminescence and ECL emission, for that metal ion can be
good quenchers because of photoninduced energy and charge
transfer (CT) [39].
4. Conclusion

In this work, a novel D-A ligand L and its two silver complexes
have been synthesized and fully characterized. The negative shifts
were observed for two reduction peaks in the CV curve for the
complexes. Particular interest is the low reduction potential of the
complexes, and about 20 times of the increased ECL emission
intensity compared with those of the ligand L. Significantly, the
findings provides a new pathway to design and synthesise ECL
emission materials.
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